Angle-resolved ellipsometry of light scattering is an original technique developed at the Fresnel Institute to identify scattering processes in substrates and multilayers. We extend the investigation because numerous experimental results proved that the technique can be of major interest for analysis of microcomponents and their scattering origins. Surface and bulk effects can be separated in most situations, as well as the oblique growth of materials and the presence of first-order contaminants.
Introduction
Ellipsometry is a well-known and relevant technique that has been used extensively to study specular reflection and transmission from surfaces and coatings. [1] [2] [3] [4] Such techniques usually investigate the intensity and phase terms in the specular direction, which provide information about low-frequency averaged parameters such as indices or effective indices. These techniques have also been applied to the study of diffuse reflectance, that is, the quantity of light scattered by a rough surface in specular directions. [5] [6] [7] We were able to complete these tools because of complete ellipsometry of scattered light in each direction of space, which we presented in Ref. 8 . This original technique consists in the angle-resolved ellipsometry of light scattering from interferential microcomponents. For high-quality optics and multilayers, with the help of first-order electromagnetic theories, we emphasized some key results and predictions with regard to the discrimination of surface and bulk effects in substrates and multilayers. Here all these predictions are analyzed in detail on the basis of numerical calculation and experimental results. The conclusions appear to be quite successful and hence offer a complementary tool to continue the investigation of scattering phenomena. As outlined below, we believe this promising technique offers new and relevant developments in the field of light scattering.
Modeling Ellipsometry of Angle-Resolved Scattering

A. Approximate and Rigorous Methods
Several theories have been developed at the Fresnel Institute 9 -16 and elsewhere 17, 18 that allow us to calculate angular scattering from roughness and inhomogeneity at surfaces and bulk of optical materials. For high scattering levels that cannot be neglected with regard to incident power, the roughness-towavelength ratio at surfaces as well as inhomogeneity in the bulk is of the order of unity. Such microstructures and their interaction with light are then analyzed with differential, integral, or modal methods, 19 although most of these computer codes are developed for one variable function ͑roughness profile or bulk inhomogeneity͒ in superstrates or substrates.
Inversely, low scattering levels from optical components can be analyzed with first-order theories by use of the Born approximation. [12] [13] [14] [15] [16] 20, 21 In this field of application connected to polished surfaces for high precision optics, the vector theories have been extensively used for several decades. 12, 13, 17 In particular they present the advantage of a simple formula that can be developed for analytical solutions and design 13 and that can immediately be generalized to multilay-ers and to two-variable functions that create crosspolarized light outside the plane of incidence. Here we use these approximate theories that lead to excellent results for the low scattering levels 14 that are the topic under study. Note that higher scattering levels would create complete depolarization of light, which would reduce interest in the methods we discuss here.
B. Key Results for Surface and Bulk Scattering from Slightly Diffuse Media
The theories and associated predictions and comparisons with experiment have been, for the most part, published. [22] [23] [24] [25] Here we recall some key results that are of interest for our ellipsometry technique 8 in the scattered field. The complex amplitude A s or A p of the field radiated from a multilayer can be written as
for surface scattering and for bulk scattering, respectively, where the subscripts s and p designate the two polarization modes of light ͑transverse electric and transverse magnetic, respectively͒, and the C i , C i Ј coefficients are optogeometric factors that depend on multilayer design, illumination, and observation conditions. The structural terms are included in the irregularity and inhomogeneity profiles or spectra, which are ĥ i ͑͒ ϭ the Fourier transform of h i ͑r͒, where h i is the profile of surface ͑i͒; and p i ͑͒ ϭ the Fourier transform of p i ͑r͒, where p i ϭ ⌬⑀ i ͞⑀ i is the relative variation of permittivity in bulk ͑i͒, r is the space variable, and is the spatial pulsation:
where v is the spatial frequency and ͑, ͒ are the normal and polar scattering angles. If we limit our study to angular scattering in the incidence plane ͑ ϭ 0°͒, no cross-polarized scattering would be predicted by the theory, so that the complex scattered field can be given by its two complex amplitudes as 
where ZZ* ϭ ͉ Z ͉ 2 and represents the polarimetric phase difference between the two polarizations of the scattered field at direction .
Compared with specular ellipsometry, in which two parameters, and ⌬, are generally used ͓tan ⌿ ϭ R p ͞R s and ⌬ ϭ p Ϫ s , where A s ϭ R s exp͑ j s ͒ E s and A p ϭ R p exp͑ j p ͒ E p are the complex amplitudes of the s-or p-polarized reflected field, 1 we note that our parameter is analogous to ⌬. The intensity term analogous to tan is not used in this paper but has been thoroughly investigated in previous papers on angular light scattering, see, for example, Ref. 26 .
C. Application and Method
For a bare substrate, Eq. ͑1a͒ or Eq. ͑1b͒ leads directly to
ϭ arg͓C 0s Ј͔ Ϫ arg͓C 0p Ј͔ (4b)
for surface scattering and for bulk scattering, respectively, which shows that the angular variations ͑͒ of the phase term do not depend on the surface profile or bulk inhomogeneity, but only on the origin of scattering. This is a major result that should permit a direct discrimination of surfaces and bulk, whatever the nature ͑Gaussian, exponential, or Lorenzian͒ and amplitude of structural defects. This result can be partially or totally extended to multilayers, depending on the vertical correlation of irregularities within the stack. Consider, for example, that all h i surfaces within the stack are the result of partial or perfect replication of the initial substrate surface h s , that is, 8, 10, [12] [13] [14] 21 
where a i is the replication function. We obtain A s or p ϭ ⌺ C i͑s or p͒ ␣ i ĥ s with ␣ i ϭ F.T. ͑a i ͒. Therefore, A s or p ϭ ĥ s C ͑s or p͒ with C ͑s or p͒ ϭ ⌺␣ i C i͑s or p͒ . This result proves that, for a correlated stack ͑␣ i ϭ 1͒, the phase term depends only on the global C coefficient, that is, only on the origin of scattering 8 :
for a correlated stack.
Numerical Results
We now search for specific situations or designs for which ellipsometry of angle-resolved scattering ͑ARS͒ provides high sensitivity or efficiency for the separation of surface and bulk effects. We have explored a large number of designs and illumination conditions that are summarized below.
A. Bare Substrates
At normal illumination, surface and bulk scattering are highly difficult to separate. We know, for example, that ARS from a 1-nm surface roughness can be superimposed to ARS from a 10 Ϫ2 bulk inhomogeneity. 25 As shown in Fig. 1 , this result is not modified when we consider the phase term versus scattering angle, at least for normal illumination ͑i ϭ 0°͒. Indeed the two surface and bulk curves are identical and close to zero in this situation.
At the inverse, when oblique illumination is used ͑i Ϸ 56°͒, such a property is significantly modified and the difference between the two curves highly increases. As shown in Fig. 1 , the bulk phase term is still constant and zero versus scattering angle, whereas the surface phase term points out a strong 180°discontinuity at high angles. This effect originates from the fact that the complex scattered field exhibits a change of sign at a particular pseudoBrewster angle 25, 27 given by
We conclude this result to be major for the separation of roughness and inhomogeneity in bare substrates, since it allows direct identification of the scattering origins, whatever the nature and amplitude of structural parameters. The experiments are presented in Section 4.
B. Single Layers and Quarter-Wave Stacks
Here we calculate all the surface and bulk curves for correlated defects ͑␣ i ϭ 1͒.
The case of a high-index single layer with a halfwave optical thickness ͑ne ϭ ͞2͒ was the most interesting between single layers. As shown in Fig. 2 , surface and bulk effects can be separated provided that oblique illumination is used ͑i Ϸ 56°͒. Measurements of the phase term at large scattering angles should provide efficient results. The same result is reached ͑see Fig. 3͒ if we consider absentee layer stacks 14 that consist of the association of highand low-index half-wave layers.
We also studied classical quarter-wave stacks such as mirrors and Fabry-Perot filters. The mirrors are shown in Fig. 4 for a 17-layer stack with TiO 2 and SiO 2 materials. It is obvious in this case that the technique cannot be applied, although all the surface and bulk curves are similar.
Quasi-identical results were obtained for a narrowband filter of HLHLH͑6L͒HLHLH design, with TiO 2 and SiO 2 . Although slight differences exist between the surface and the bulk curves ͑see Fig. 5͒ , the technique would not really be successful if we took into account the experimental difficulties. However, similar filters and mirrors would give much better results for multiple optical thicknesses of a quarterwavelength ͓the case of mirrors with ne ϭ ͑2k ϩ 1͒͞4͔ or of a half-wavelength ͑spacer layer of a narrow-band filter with ne ϭ k͞2͒.
Note that for all these curves the phase term ͑͒ can differ from zero at small scattering angles . This result is due to the fact that the scattering op- Fig. 1 . Comparison of the angular behavior of the phase term ͑͒ for a glass substrate illuminated at 0°and 56°incidence for surface and bulk scattering. The surface curve at 56°incidence exhibits a 180°discontinuity at high angles. The wavelength under study is 633 nm. Inversely, these coefficients are identical for i ϭ ϭ 0°, in which case the phase term is zero at small scattering angles. These results are useful for the study of depolarization, as discussed below.
Application to Experiment
The apparatus, including its performance and limitations, was presented in Ref. 8 . Here we use the apparatus to investigate the phase term in different optical coatings and substrates that we compare with theoretical prediction.
A. Bare Substrates
Our measurements of the angular phase term ͑͒ with a fused-silica substrate are shown in Fig. 6͑a͒ and the measurements with a MgF 2 substrate are shown in Fig. 6͑b͒ . As can be seen in the case of silica, a 180°step occurs at high scattering angles, which clearly characterizes scattering from surface roughness. However the angular curve does not fit the surface calculation perfectly, which can be explained by additional effects such as dust or bulk scattering, pits or any other defects that create depolarization in the incidence plane.
In the case of MgF 2 , no abrupt phase change was observed in the angular range, which characterizes a bulk origin. However again in this case the fit with calculation is not perfect since the phase term is not zero at low angles. We also measured scattering from white uncoated resins, as shown in Fig. 6͑c͒ in a reduced angular range. Again bulk behavior is obvious since no phase discontinuity is observed.
These are successful results since it is well known that bulk scattering is negligible in fused silica, whereas it can be predominant in MgF 2 substrates. Complementary proof was necessary for the resin sample, which we found thanks to the deposition of an opaque aluminum layer on the sample. This is a well-known technique 12, 21 that guarantees the replication of roughness by the metallic layer in this bandpass frequency and for these roughness amplitudes. As shown in Fig. 7 , angular scattering from the coated resin is much less than from the bare resin, which proves that bulk scattering is largely predominant for the bare resin. Indeed surface scattering should be significantly enhanced by the Al layer, 12 even though it decreased after the surface was coated.
All the results clearly prove that the ellipsometry of ARS can provide major help in the optical investigation of microstructures.
B. Multilayers
In Fig. 8͑a͒ we plotted the phase-term measurements for a 17-layer mirror made of TiO 2 and SiO 2 . As mentioned in Subsection 3.8, the theoretical curves for this design are quasi-identical for surface and bulk scattering, so that the experimental curves Fig. 1 , but the component is a single half-wave Fabry-Perot HLHLH͑6L͒HLHLH filter with materials TiO 2 and SiO 2 ͑see text͒. Fig. 6 . Measurements of the angular variations of the phase term for substrates of ͑a͒ fused silica, ͑b͒ MgF 2 , ͑c͒ resin. Measurements were taken at the 633-nm wavelength and are to be compared with the calculations in Fig. 1 . The results offer a direct discrimination of surface and bulk effects ͑see text͒. should be superimposed. The measurements in Fig.  8͑a͒ can be seen as a confirmation of all the models and experimental techniques that we used for this application. However, the sample in Fig. 8͑a͒ was produced on a standard quality substrate, whose roughness is of the order of 2 nm. Because of this condition, all the surfaces in the stack are quasicorrelated provided that a high-energy deposition technology is used. Therefore agreement between theory and experiment is high because the 17-layer mirror was produced by ion-assisted deposition. To continue with the investigation we produced the same mirror on a superpolished sample with a roughness close to 0.1 nm. The phase term was remeasured and is presented in Fig. 8͑b͒ , which now emphasizes a particular ripple or oscillation. The same result is obtained with an absentee layer stack produced on a supersmooth substrate, as shown in Fig. 9 . Such results originate from the partial correlation that occurs when the substrate roughness is low. This point is discussed and proved in Section 5.
Correlation-Induced Ripple
In Section 2 we showed that the phase term was dependent only on the origin of scattering by means of scattering C coefficients. Therefore, the angular variations of ͑͒ are smooth because they are connected to arguments of C s and C p , which are lowfrequency analytical functions: (7) that is, ͑͒ ϭ arg L͑͒, where L͑͒ ϭ C s C p * ϭ ⌺ ⌺ C is ͑͒C jp *͑͒. This result is valid only when the stack is perfectly correlated ͑␣ i ϭ 1͒. Any departure from this unity correlation would introduce an additional ripple in the angular variation of . For partial correlation the global C coefficients are correlation dependent, and we obtain
where
shows that the phase term is correlation dependent and so will be a microstructure characteristic, except when all the surfaces or bulk are identical. Depending on the correlation values that are complex quantities with high frequencies, 13 Eq. ͑8͒ can be used to explain the measured ripple in Figs. 8 and 9 .
To continue the investigation, the correlation should be described in more detail. For example, the material effect should be added to the substrate effect, resulting in
where h i is the profile of surface ͑i͒, a i is the replication function of layer i, and g i is the residual roughness brought by material ͑i͒ ͑see Fig. 10͒ . Equation  ͑9͒ describes the roughness at surface ͑i Ϫ 1͒ as the Fig. 8 . Measurement of the polarimetric phase difference for the M17 mirror multilayer compared with the calculations presented in Fig. 4 . The incidence angle is equal to 0°. In ͑a͒, the mirror is deposited on a 2-nm rough glass substrate; in ͑b͒ the mirror is deposited on a supersmooth ͑0.1-nm͒ silicon substrate. Fig. 9 . Measurement of the polarimetric phase difference for the specific 2H2L2H structure deposited on a glass substrate, compared with the calculated curves presented in Fig. 3 . The incidence angle is equal to 0°. result of a competition between the replication of surface ͑i͒ and the additional roughness brought by the deposition of layer ͑i͒. All these expressions can be developed analytically, 13 but here we use a numerical calculation to investigate the correlation-induced ripple. Calculations were performed with Gaussian surfaces having a 0.3-m correlation length. Consider the case of a single layer of TiO 2 with a half-wave optical thickness at 633 nm as shown in Fig. 11 . Equation ͑9͒ is then reduced to h 0 ϭ h s *a 1 ϩ g 1 , where h 0 is the top interface in contact with air and h s is the substrate profile with a 2-nm rms. The phase term is first calculated for perfect correlation, that is, perfect replication and the absence of residual roughness: h 0 ϭ h s . The result is a smooth curve ͓curve 1 in Fig. 11͑a͔͒ as discussed above and is due to the fact that the two surfaces are identical in the stack. Now consider curves 2 and 3 in Fig. 11͑a͒ , which were calculated for an additional roughness, g 1 ϭ 0.1 and g 1 ϭ 1 nm, respectively, h 0 ϭ h s ϩ g 1 . In this case we observe that a ripple is introduced around the curve 1 envelope. This effect is connected to the presence of structural terms with high-frequency variations in the and L factors. Indeed we have Figure 11͑b͒ shows where the g roughness is predominant ͑curves 4, 5, and 6͒ versus substrate replication. We observed the disappearance of ripple as the g roughness increased, because most scattering originates from the top interface. Therefore the problem is analogous to that of a bare substrate or a single surface, which is known to give smooth variations. Note here that a 1000-nm roughness is not within the domain of our theory but is used just to check our predictions. Note also that the g profile could be associated with the presence of a few localized defects on the surface. In Fig. 12 the phase term is calculated for four defects on the substrate ͑whose amplitude is 2 nm͒, with a 4-m diameter and a 10-nm amplitude. These defects also create a ripple in the angular variations.
To conclude this section, we keep in mind that a partial correlation within a stack can be directly detected by polarimetric phase measurements, with a sensitivity of less than 5%. This result is major since the amplitude and nature of irregularities does not have to be known. Moreover, the ellipsometry ARS technique can also be used to detect the presence of contaminants on a surface. Indeed any localized defect at the top interface modifies the geometry of the surface profile and the result can be seen as a departure from the replicated substrate profile, that is, a partial correlation. In this situation the induced ripple is characteristic of contaminants on the surface, with the major advantage that these contaminants could preserve the incident polarization of light. For this reason we believe that the ellipsometry ARS technique allows detection of first-order contaminants. Detection is easier when the inci- Fig. 11 . Phase term calculated for a single half-wave layer at 633 nm. The top interface profile is described as h 0 ϭ h s ϩ g 1 , where h s is the substrate profile and g is the roughness brought by the layer ͑see text͒. The substrate roughness is 2 nm. Curve 1 was calculated for h 0 ϭ h s , that is, g 1 ϭ 0, which exhibits smooth variations. Curves 2 and 3 were calculated for g 1 ϭ 0.1 and 1 nm, respectively, and reveal a significant ripple in the angular variations. Curves 4, 5, and 6 were calculated for g 1 ϭ 10, 100, and 1000 nm, respectively ͑see text͒. Fig. 12 . Phase term calculated for a bare substrate ͑2-nm roughness͒ in the absence ͑curve 1͒ or in the presence ͑curve 2͒ of four localized defects with 4-m diameters and 10-nm height. dent polarization is modified by the contaminants, since it can be seen at low scattering angles from the nonzero value of the phase term in the case of normal incidence. 8 
Phase-Detection of Oblique Growth of Materials
The ellipsometry ARS technique can also be used to detect the oblique growth of materials in thin-film form. Consider, for example, that the vapor flux inside the vacuum chamber reaches the sample at incidence ␤, which is the deposition angle from the sample normal ͑Fig. 13͒. It has been shown 28,29 that the material growth at incidence ␥ is given by tan ␤ ϭ 0.5 tan ␥. Therefore, any substrate profile h͑r͒ is replicated after deposition of a layer of thickness e, with an in-plane translation t given as ͑see Fig. 13͒ t ϭ 0.5 e tan ␥͑cos , sin ͒, where ͑␥, ͒ are the normal and polar deposition angles within the vacuum chamber of the substrate. The top interface profile is therefore given as h 0 ͑r͒ ϭ h s ͑r ؊ t͒ ϭ h͑r͒*␦͑r ؊ t͒, where ␦ is the Dirac function. The correlation is complex and frequency dependent and is given as ␣͑͒ ‫؍‬ exp͑ jt ⅐ ͒.
The sensitivity of the phase term to oblique deposition is calculated in Fig. 14 for a single TiO 2 layer of optical thickness 8͞4 at 633 nm. The deposition angles are ␤ ϭ 0°and 20°, with ϭ 0°. It is clear from Fig. 14 that high-accuracy measurements of the phase term would allow detection of the deposition angle of materials. However the sensitivity of the technique would be improved because of specific designs.
Conclusion
Obviously the ellipsometry ARS technique offers new experimental and theoretical developments for the investigation of light scattering:
One major result is that the phase term of substrates and correlated stacks depends only on the origin of scattering, which offers a direct discrimination of surface and bulk effects. Such a prediction has been largely confirmed by experimental results on fused silica, white resins, and MgF 2 substrates.
When the stack was not perfectly correlated, we identified a ripple in the angular behavior of the phase terms. This phenomenon characterizes a slight departure from perfect replication of defects within multilayers and hence provides high sensitivity to vertical cross-correlation parameters.
The same ripple is applied to the detection of firstorder contaminants on the components that do not create cross-polarized scattering in the incidence plane.
The oblique growth of materials can also be detected with the ellipsometry ARS technique, which could be of significant interest for the analysis of birefringent coatings.
At normal illumination, nonzero values of the phase term are connected to high-order scatterers that create cross-polarized scattering in the incidence plane.
It is important to note that all these investigations are possible whatever the known or unknown ͑cali-brated or uncalibrated͒ scattering levels, which are of key interest. Also, we should bear in mind that the ellipsometry ARS apparatus, because of its specific angular positions for the analyzer and polarizer, al- Fig. 13 . Geometry of oblique deposition on a single layer. ␤ and ␥ are the deposition and growth angles from the sample normal ͑see text͒. lows for complete cancellation of first-order scattering from substrates and multilayers. Therefore the components can be viewed by collection of only second-or higher-order scattering in the optical instrument, whether the polarization of the scattered field is identical or different from that of the incident field.
